Gross chromosomal rearrangements (GCRs) are large scale changes to chromosome structure, and can lead to human disease. We previously showed in Saccharomyces cerevisiae, that nearby inverted repeat sequences (~20 to 200bp of homology, separated by ~1-5kb) frequently fuse to form unstable dicentric and acentric chromosomes. Here we analyzed inverted repeat fusion in mutants of three sets of genes. First, we show that genes in the error-free post replication repair pathway prevent fusion of inverted repeats, while genes in the translesion branch have no detectable role. Second, we found that siz1 mutants, which are defective for Srs2 recruitment to replication forks, and srs2 mutants had opposite effects on instability.
INTRODUCTION
All organisms are prone to large scale changes (gross chromosomal rearrangements; GCRs) to their genomes that include deletions, inversions and translocations. These large scale changes are thought to drive evolutionary events such as speciation, and contribute to human pathology such as Pelziaeus-Merzbacher syndrome and other genetic disorders (LEE et al. 2007; STANKIEWICZ and LUPSKI 2010) .
Thus, a firm understanding of how cells normally prevent such rearrangements, and how they accumulate, is critical to our understanding of both evolution and pathology.
GCRs arise by many different mechanisms, and there is growing evidence that errors during DNA replication are a major source (ADMIRE et al. 2006; MIZUNO et al. 2009; MYUNG et al. 2001) . Errors are thought to arise when replication forks encounter "lesions" on the template strand. Lesions can consist of protein complexes bound to DNA, or lesions in the DNA itself. Replication forks bypass lesions by several different mechanisms that are still poorly understood (ATKINSON and MCGLYNN 2009; WEINERT et al. 2009 ). We believe that understanding lesion bypass mechanisms is central to understanding both how GCRs are prevented, and how they form when lesion bypass mechanisms fail.
All lesion-bypass pathways utilize sequence homology to restart replication (ATKINSON and MCGLYNN 2009; WEINERT et al. 2009 ). Use of sequence homology during restart may limit the frequency of GCRs, as it lowers the probability of annealing to non-allelic sequences. Repetitive sequences present a problem because lesion bypass at sites near repetitive sequences may lead to annealing of non-allelic sequences and thus to GCR formation (ARGUESO et al. 2008; LEMOINE et al. 2005; NARAYANAN et al. 2006) . Indeed in yeast and in other organisms, GCRs occur frequently in repeat sequences (ARGUESO et al. 2008; DI RIENZI et al. 2009; DUNHAM et al. 2002) . Some rearrangements do occur between so-called "single-copy sequences" with either no homology or limited homology (micro-homologies of 5-9 base pairs; KOLODNER et al. 2002; MYUNG et al. 2001; PUTNAM et al. 2005 ) though evidence suggests these rearrangements occur less frequently than rearrangements between repetitive sequences (PUTNAM et al. 2009 ). Interestingly, it has been shown that some genes are required to prevent the fusion of repetitive elements yet have no affect on rearrangements between single-copy sequences (PUTNAM et al. 2009 ). Currently it is not clear how these pathways act to suppress repeat-mediated events and why they are not required to prevent rearrangements between single copy sequences.
Our current understanding of the mechanisms underlying GCR formation is mostly derived from assays designed to detect specific changes to yeast chromosomes (ADMIRE et al. 2006; CHEN and KOLODNER 1999; HUANG and KOSHLAND 2003; LAMBERT et al. 2005; MIZUNO et al. 2009; MYUNG et al. 2001; NARAYANAN et al. 2006; PAEK et al. 2009; PANNUNZIO et al. 2008; PAYEN et al. 2008; RATTRAY et al. 2005; SCHMIDT et al. 2006; SMITH et al. 2007 ). Previously we reported on GCR formation in the budding yeast Saccharomyces cerevisiae using an assay we developed. We found that a major source of genome instability involves the fusion of nearby inverted repeats (with approximately 20 to 200bp of sequence homology, separated by 1 to 5 kb) to form either dicentric or acentric chromosomes ( Figure 1D ; PAEK et al. 2009 ). We also found that fusion of inverted repeats is general: fusion occurred between inverted repeats at all five different locations tested on four different yeast chromosomes, as well as between synthetic inverted repeats (PAEK et al. 2009) . Genetic data suggests that these events most likely occur during replication of DNA (ADMIRE et al. 2006) . Further genetic analysis suggested that the mechanism of inverted repeat fusion differed from that of direct repeat recombination, in that inverted repeat fusion did not require genes involved in homologous recombination (HR) or single strand annealing (SSA) pathways (PAEK et al. 2009 ). In addition, fusion events are unlikely to involve double strand breaks, as genes in the non-homologous end joining (NHEJ) and micro-homology mediated end joining (MMEJ) are not required for fusion events (PAEK et al. 2009 ).
Indeed gene knockouts in the HR (RAD52, RAD51, RAD59), SSA (RAD52, RAD1) and post replication repair (PRR, RAD18) pathways actually increased the frequency of fusion of an inverted repeat on chromosome VII (Chr VII; PAEK et al. 2009 ); these pathways normally suppress inverted repeat fusion.
To further our previous studies, we analyzed three groups of genes implicated in the maintenance of genome stability. We tested how these genes affect the overall stability of chromosome VII (Chr VII), focusing on the fusion of nearby inverted repeats to form a specific dicentric Chr VII and the resolution of the dicentric into a monocentric translocation (which we term the 403-535 translocation; Figure 1 D-F) . First, we analyzed several genes in the PRR pathway, and found that error free bypass, but not translesion synthesis, is required for the prevention of inverted repeat fusion. Surprisingly, we found that siz1 mutants, which are defective for Srs2 recruitment to replication forks, and srs2 mutants had opposite effects on instability. This may reflect separate roles for Srs2 in different phases of the cell cycle. Second we analyzed several mutations in genes that are associated with replication forks. We found that mutants in POL3 (polymerase delta) and MGS1 (encoding a single-strand annealing protein which binds polymerase delta) significantly reduced the frequency of dicentric formation and allelic recombinants that arise in the checkpoint mutant rad9 (GIOT et al. 1997; HISHIDA et al. 2001; PAEK et al. 2009 ). Finally we studied genes associated with rearrangements involving repeats or single copy sequences, as well as a subset of mutants involved in recombination. Generally, we find that the mechanisms of nearby inverted repeat fusion are distinct from mechanisms fusing longer repeats or single copy sequences.
MATERIALS AND METHODS
Yeast Strains: All strains are derived from TY200 and TY206 that are derivatives of the A364a yeast strain (ADMIRE et al. 2006; WEINERT and HARTWELL 1990) . TY200 is a Chr VII disome that is MATα HXK2 lys5 cyh2 trp5 leu1 cenVII ade6 ADE3 / hxk2:CAN1 LYS5 CYH2 TRP5 LEU1 cenVII ADE6 ade3. TY206 contains a rad9 null mutation, rad9::ura3, whichwas made as described in Weinert and Hartwell, 1990 . It is a RAD9 deletion marked with URA3, which was then subjected to FOA selection to isolate an ura3 mutant cell to allow use of the URA3 gene for further genetic changes. Additional null mutants were made by transformation of PCR products derived from Euroscarf strains with appropriate PCR primers and selection for resistance to geneticin (WACH et al. 1994) . Mutations were verified by PCR and phenotypic assays (i.e. damage sensitivity) where appropriate. The pol3-13 mutation was introduced using the two step gene replacement strategy (GIOT et al. 1997) . First a pY9 plasmid (Gift of Dmitry Gordenin) bearing the pol3-13 mutation and URA3 was digested with Hpa1 and Ura + colonies were selected. The native POL3 gene was removed by selecting for loss of URA3 by plating to 5-FOA, and candidates were verified by sequencing. A similar strategy using the Ycplac22-POL30 (Gift of Anja-Katrin Bielinsky) plasmid bearing various POL30 mutations was used to generate the PCNA mutations (HOEGE et al. 2002) . For all mutants reported, two separate mutants were made and analyzed.
Chromosome instability assays: All assays were performed as described in Admire et al. (2006) . Cells were grown on YEP plates supplemented with 2% dextrose (YEPD) for 2-3 days at 30°C (unless otherwise noted). Single colonies were then resuspended in water, counted and plated onto selective medium with 60 ug/ml canavanine and all essential amino acids except arginine and serine (Can plates), and in addition, the same selective medium yet lacking adenine (Can -Ade plates). Colonies that grew on Can plates and were Ade -were scored as loss events. Can R Ade + colonies that were round in appearance were scored as allelic recombinants, while those with a serrated or sectored appearance (see Figure 1 ) were scored as "mixed colonies". We identify colonies as "sectored" visually, and verify their genetic content as "mixed" by lineage assays. We verified by a lineage assay (ADMIRE et al. 2006) Figure 1F) . Cells from Can R Ade + colonies were grown in 3 mls YEPD, and genomic DNA was prepared and subjected to PCR amplification using primers which detect the Chr VII 403-535 translocation (See Figure 1F) . The coordinates for these primers in SGD are VII 406041-406022 and VII 535582-535562. The 1.1 kb translocation band was sequenced in a previous publication (ADMIRE et al. 2006 Figure 1E ). Each qPCR reaction was done in triplicate, and for each strain six independent colonies were analyzed. Average cycle number was calculated and compared to standards which consisted of purified PCR product of known concentration. By comparing standard concentrations to samples we were able to determine the number of copies of the specific dicentric in each sample.
RESULTS
The system: The genetic system that we use is a haploid strain of yeast containing two copies of Chromosome VII (a Chr VII disome, Figure 1A CARSON and HARTWELL 1985) .
Having an extra copy of Chr VII allows for changes to occur on one copy without affecting cell viability. To identify cells with an altered copy of Chr VII, we used a strain that has a copy of CAN1 on one left arm ( Figure 1A ; CARSON and HARTWELL 1985) . We identified changes to this chromosome by selecting for loss of CAN1 by plating on medium containing canavanine. Canavanine is a toxic analog of arginine that is imported into the cell by the Can1 protein (arginine permease), causing cell death (Walker 1955) . Therefore, in order to survive on canavanine medium, cells must lose the CAN1 gene. This is predominantly done in one of three ways; allelic recombination ( Figure 1B ), chromosome loss ( Figure 1C ), or non-allelic recombination that results in formation of "mixed" colonies (see mixed colony in Figure 1D ; PAEK et al. 2009 Figure 1D ; Materials and Methods).
Each "mixed" colony consists of cells with multiple genotypes ( Figure 1D ). We showed previously, using a genetic test that mixed colonies arise from cells with dicentrics (PAEK et al. 2009 ). At least one dicentric that is associated with mixed colonies is formed is by the fusion of one set of nearby inverted repeats on Chr VII (figure 1E; S2 and S3 repeats in the 403 fragile site; PAEK et al. 2009 ). S2 and S3 are fragments of the ends of retrotransposons (LTR fragments). The S2-S3 fusion event leads to the formation of an unstable dicentric chromosome. The dicentric can be resolved by a chromosome loss event, allelic recombination, or a non-reciprocal translocation termed the 403-535 translocation ( Figure 1F ; ADMIRE et al. 2006) . We believe that any of several inverted repeats may fuse to form dicentrics, though only the S2-S3 dicentric has been positively identified, and the frequency of S2-S3 dicentrics correlates with the frequency of mixed colonies (PAEK et al. 2009 ).
For each mutant strain we measured the frequency of chromosome loss, allelic recombination and dicentric chromosome formation. We test every gene in two separate mutant isolates, and the results from pairs of strains were in all cases concordant. In general we can infer the frequency of dicentric formation from the frequency of mixed colonies, because in most mutants the frequency of mixed colonies does correlate with the formation of a specific dicentric chromosome (PAEK et al. 2009 ). Formation of a mixed colony from a cell containing a dicentric chromosome requires the resolution of the dicentric ( Figure 1D -F), and it is therefore possible that mutants which are defective for mixed colony formation still form dicentrics but cannot resolve them. Therefore, for some mutants we also quantified directly the frequency of the specific dicentric chromosome, present in cells before selection, using a quantitative PCR technique ( Figure 1E ; Material and Methods). In addition we determined if the 403-535 translocation was present, in mixed colonies, by a qualitative PCR technique ( Figure   1F ); the translocation most likely arises from recombination of the specific dicentric chromosome. In all cases thus far, mutants that form the translocation in fact form the dicentric. In all mutants reported here, strains that formed the specific dicentric also formed the specific translocation. We therefore focus here on mechanisms involved in inverted repeat fusion to form dicentrics. (We previously reported a single mutant, rad59, that formed dicentrics but failed to form the translocation; PAEK et al. 2009 ).
In our analyses, we first determine how fusion events are normally prevented by measuring, in single mutants, the frequency of mixed colonies and dicentrics (of GENEX, say). If a geneX mutant has an increased frequency of instability (of specific dicentric or mixed colonies), then we infer that GENEX normally prevents fusion events.
If the single mutants are stable, we conclude that GENEX is not needed to prevent instability (though GENEX may prevent instability by a mechanism redundant with another gene). Finally, to test if GENEX has a role in forming rearrangements, we tested GENEX function in a rad9 checkpoint mutant background which has a high level of instability, and determined if events still occurred in the rad9 geneX double mutant (ADMIRE et al. 2006) . If events still occur in the double mutant, we conclude that GENEX has no detectable role in forming the rearrangements, while if events do not occur (or occur to a lesser extent), we conclude GENEX has a role in forming the rearrangement.
The error free branch of post-replication repair, but not translesion synthesis, prevents the fusion of nearby inverted repeats: The post replication repair pathway (PRR) is one of the major mechanisms the cell uses to bypass lesions during DNA replication (LEE and MYUNG 2008) . There are at least two ways in which the PRR pathway is thought to bypass barriers to replication forks ( Figure 2A ). These separate functions are commonly referred to as translesion synthesis and error-free bypass, and the choice between these two pathways is tightly regulated by the ubiquitylation of PCNA by Rad6, Rad18, Ubc13 and Mms2 (HOEGE et al. 2002; LEE and MYUNG 2008; STELTER and ULRICH 2003) . When PCNA is mono-ubiquitylated by a Rad6-Rad18 heterodimer, translesion DNA polymerases such as Rev3 and Rad30 are recruited to the lesion sites, and are able to replicate past these lesions often in an error-prone manner, leading to frequent point mutations ( Figure 2A ; STELTER and ULRICH 2003) . In contrast, the poly-ubiquitylation of PCNA by Rad5, Ubc13 and Mms2 is thought to be required for error-free bypass, a poorly understood pathway that may involve template switching, and does not lead to an increase in point mutations (BRANZEI et al. 2008; STELTER and ULRICH 2003) .
We previously showed that PRR-deficient rad18 mutants have an increased frequency of mixed colony formation (PAEK et al. 2009 ). In order to determine whether the affect we see in rad18 mutants was due to translesion synthesis and/or error-free bypass, we analyzed mutants that are reported to be involved in either branch but not both (STELTER and ULRICH 2003) . We found that mutants in the translesion synthesis pathway, such as rad30 and rev7, had no effect on the frequency of mixed colony formation, in either cells with a RAD9 defect or in cells with functional RAD9 (Table 1) .
Translesion polymerases therefore do not cause instability when defective, and play no detectable role in rearrangement events themselves. In contrast, we found that rad5
and ub c13 single mutants both showed a dramatic increase in mixed colonies (Table 1) .
(The phenotype of these mutants with a rad9 mutation is addressed below). Taken together these data imply that the error-free bypass branch of PRR (regulated by Rad5 and Ubc13), but not the translesion synthesis branch, acts to prevent the fusion of nearby inverted repeats. These data also suggests that neither the error-prone polymerases nor the error-free proteins are involved in the proposed faulty template switch events that form dicentrics.
Mutants in the error free branch of post-replication repair show different levels of instability: Both Rad5 and Ubc13 are required to poly-ubiquitylate PCNA at lysine 164 in order to promote error-free bypass ( Figure 2A ; HOEGE et al. 2002) . Thus it was puzzling as to why rad5 mutants formed mixed colonies much more frequently than did ubc13 mutants (61 x 10 5 and 13 x 10 5 respectively, Table 1 ). The different phenotypes seen in these single mutants might be explained by either of two separate models. First
Rad5 may act in both PRR and in a pathway separate from PRR, and both pathways act independently to prevent inverted repeat fusion. There is evidence for this, as Rad5 is required for ubiquitylation of lysine 107 of PCNA, while Ubc13 is not (DAS-BRADOO et al. 2010) . Alternatively, the suppression of mixed colonies by Rad5 and Ubc13 might be exclusively through error-free bypass, yet Rad5 is essential for PRR and Ubc13 plays some lesser role.
In order to formally distinguish between these two models, we made use of an allele of PCNA (pol30-K164R) which is unable to be ubiquitylated on this residue and therefore is proposed to be defective for all branches of PRR ( Figure 2A ; HOEGE et al. 2002; STELTER and ULRICH 2003) . We also found that rad9 rad18, rad9 ubc13 and rad9 pol30-K164R double mutants showed a synergistic (more than additive) increase in both mixed colony formation and chromosome loss when compared to corresponding single mutants (Table 1) . In contrast rad9 rad5 mutants have approximately additive levels of mixed colony formation (Table 1) . It is unclear why the first three genes have different genetic interactions with RAD9 than does RAD5.
The role of Srs2, Siz1, and PCNA SUMOylation in allelic recombination and inverted repeat fusion (mixed colony formation): In a previous study, we provided evidence for a genetic interaction between SRS2 and RAD51 in mediating instability of Chr VII (PAEK et al. 2009 ). Srs2 is a DNA helicase which disrupts the Rad51 presynaptic filament (KLEIN 2001; KREJCI et al. 2003; VEAUTE et al. 2003) . Previously, we showed that a srs2 mutant suppressed the high frequency of mixed colony formation (shown in a rad9 background; PAEK et al. 2009 ). Mutants in SRS2 also increased the frequency of allelic recombinants, as expected from previous studies (Table 1; PAEK et al. 2009 ). We further showed that rad51 mutants have a high frequency of instability, suggesting that srs2 mutants decrease instability by increasing Rad51 activity. In accordance with this model rad51 mutants are epistatic with srs2 mutants, that is, both srs2 rad51 double mutants and rad9 srs2 rad51 triple mutants have the same high frequency of mixed colony formation as rad51 and rad9 rad51 mutants, respectively ( Figure 2B ; PAEK et al.
2009).
We therefore decided to examine regulators that are known to permit Srs2 association with the replication fork. Srs2 is recruited to the replication fork in part via
Siz1-dependent SUMOylation (small ubiquitin-related modifier) of PCNA ( Figure 2A ; PAPOULI et al. 2005; PFANDER et al. 2005) . During S-phase PCNA (Pol30) is
SUMOylated by Siz1 at lysines 127 and 164 (HOEGE et al. 2002) . SUMOylated PCNA then recruits Srs2 to replication forks, which prevents Rad51 from acting at these forks (PAPOULI et al. 2005) . The absence of Rad51 at the fork may prevent ssDNA from engaging in other reactions (i.e. allelic and non-allelic recombination), and may give PRR proteins unfettered access to regulate stalled forks. We therefore tested the instability of a siz1 mutant, expecting a siz1 mutant would fail to recruit Srs2 to forks, and thus siz1 and srs2 would have similar instability phenotypes. Unexpectedly, we found that siz1 mutants showed more instability than wild-type cells, not less as in srs2 mutants, and there was a dramatic synergistic increase in rad9 siz1 double mutants, not less as in rad9 srs2 double mutants (Table 1) . We also found that siz1 mutants had only a modest increase in allelic recombinants, not 20-fold more as in srs2 mutants (Table 1) . Similar results (that siz1 and srs2 have different rates of homologous recombination) have been reported previously (PAPOULI et al. 2005) .
In addition to analyzing siz1 mutants, we also assessed the role of PCNA SUMOylation directly. In order to do this we utilized pol30-K127R and pol30-K164R mutants (discussed above), which are defective for PCNA SUMOylation, and thus are defective for Srs2 recruitment (Figure 2A ; HOEGE et al. 2002; PFANDER et al. 2005 ).
Since both residues may be SUMOylated, neither allele is completely deficient for To date we know of few mutants defective for this reaction (PAEK et al. 2009) ; most mutants we have tested either have no phenotype or have an increase in instability (ADMIRE et al. 2006; PAEK et al. 2009 ). In an attempt to identify additional mutants defective in the faulty template switch reaction, we turned our attention to genes that are involved in DNA replication itself.
We first examined the role of non-essential subunits of DNA polymerase epsilon (DPB3, DPB4 leading strand polymerase; ARAKI et al. 1991; OHYA et al. 2000) . Deletion of either of these subunits lead to an approximately 6-fold increase in the formation of mixed colonies in a Rad + background (compare Rad + to dpb3, dpb4) and a further 2-fold increase in a rad9 background (compare rad9 to rad9 dpb3, rad9 dpb4; Table 2 ). A similar effect was seen previously in pol32 mutants, a non-essential subunit of DNA polymerase delta (PAEK et al. 2009 ). Thus, deleting non-essential subunits of DNA polymerase epsilon (dpb3, dpb4) and delta (pol32) increased instability. So disrupting DNA replication increases inverted repeat fusion, yet these mutants do not shed light on how events occur.
We then turned to analyzing DNA polymerase delta (Pol3) itself, using a temperature-sensitive allele (pol3-13), and Mgs1, a single-strand binding protein that has a strong genetic interaction with Pol3 (GIOT et al. 1997; HISHIDA et al. 2001; HISHIDA et al. 2002; VIJEH MOTLAGH et al. 2006) . We studied each single mutant, pol3-13 mgs1 double mutants, as well as each single and the double mutant in combination with a highly unstable rad9 mutant ( Table 2 ). The strongest phenotype is observed in the rad9 pol3-13 mgs1 triple mutant. We found that, relative to unstable rad9 single mutants, rad9 pol3-13 mgs1 mutants grown at the semi-restrictive temperature (36°C) had a 20-fold decrease in mixed colonies, a 5-fold decrease in dicentric chromosome formation, and a 200-fold decrease in allelic recombinants (Table 2 ; compare rad9 36°C to rad9 pol3-13 mgs1 36°C).
The strong phenotype of the triple mutant suggests Pol3 and Mgs1 have roles in forming rearrangements. Analyses of single and double mutants are largely consistent with this view (Table 2 ). Both pol3-13 and mgs1 single mutants had an increase in the formation of dicentric chromosomes (compared to Rad + ), yet rad9 pol3-13 and rad9 mgs1 strains had a modest 2-3 fold decrease in both dicentric chromosome and mixed colony formation (Table 2 ; compared to rad9). In the discussion, we speculate as to why the single mutants show an increase in dicentric chromosomes, while the double and triple mutants show a decrease in these events.
The triple mutant is not only defective in the formation of dicentrics, but also in resolving them, as the decrease in mixed colony formation (20-fold) is greater than the decrease in dicentrics (5-fold). We propose, therefore, that the triple mutant also has a defect in resolving dicentric chromosomes that is required to form a mixed colony (Table   2) . We suggest that, in particular, the triple mutant has a profound defect in completing normal allelic recombination (Table 2, Figure 3 ). In sum, the triple mutant fails to form allelic recombinants either from a dicentric intermediate (which occurs in mixed colonies) or through a DSB formed independent of dicentrics (200-fold decrease in allelic recombinants, Table 2 ). The defect in allelic recombination in the triple mutant is addressed in the discussion.
The model that the triple mutant fails to complete allelic recombination makes a simple and testable prediction. We suggest that rad9 pol3-13 mgs1 mutants may start to make allelic recombinants at 36°C, but can't resolve them at 36°C, yet can resolve them at 23°C. In support of this hypothesis, we found that cells grown in rich medium at 36°C but plated to selective medium at 23°C readily form allelic recombinants, while cells grown in rich medium at 23°C and plated to selective medium at 36°C could not (Table   2 , rad9 pol3-13 mgs1 36°-23°, rad9 pol3-13 mgs1 23°-36°). Formation of mixed colonies followed the same trend; when grown at 36°C in rich medium and plated to selective medium at 23°C, mixed colonies formed, but cells grown at 23°C in rich medium and plated to selective medium at 36°C did not form mixed colonies (Table 2, rad9 pol3-13 mgs1 36°-23°, rad9 pol3-13 mgs1 23°-36°). Therefore early events in formation of either allelic recombinants or mixed colonies (dicentrics) can form at 36°C, but their resolution requires full Pol3 function (see discussion and Supplementary Figure   1 ).
Additional genes involved in chromosomal instability:
In separate genome instability assays developed by Kolodner and colleagues, fusion events occur between sequences with either limited homology (5-9 base pairs; CHEN and KOLODNER 1999; KOLODNER et al. 2002; MYUNG et al. 2001; PUTNAM et al. 2005) or with larger regions of homology (~4.2 kb; PUTNAM et al. 2009; PUTNAM et al. 2010) . They refer to these rearrangements as single copy and duplication-mediated rearrangements respectively, and interestingly, they found that certain genes were required to prevent duplication-mediated rearrangements and not single copy rearrangements, and vice versa (PUTNAM et al. 2009; PUTNAM et al. 2010) . In the reactions that we study, inverted repeat fusions seem in general to require more homology than single copy reactions (though see discussion), and less homology than duplication-mediated events (PAEK et al. 2009; PUTNAM et al. 2009 ). In order to better understand the mechanisms underlying inverted repeat fusion, we next analyzed a subset of genes that affect single copy and/or duplication-mediated rearrangements for their roles in inverted repeat fusion.
First we analyzed RAD27, the ortholog of human FEN-1, a 5' flap endonuclease (KOLODNER and MARSISCHKY 1999) . Rad27 is required for Okazaki fragment processing and maturation during replication. Rad27 also has roles in base-excision repair and NHEJ (LIU et al. 2004; WU et al. 1999) . Previously it was found that rad27 mutants have about a 1000-fold increase in single-copy GCRs and a 140-fold increase in duplicationmediated GCRs (CHEN and KOLODNER 1999; PUTNAM et al. 2009 ). In our assay, although rad27 mutants have an increased frequency of mixed colony formation, the increase was far less dramatic (approximately 10-fold; single mutants compared to wild-type (Table 3 ), yet again, as with rad27 mutants, the increase in mixed colony formation in slx5 mutants in our assay was less dramatic (9-fold increase) than in the duplication-mediated assay (25-fold increase, Table 3 ; PUTNAM et al. 2009 ). (slx5 strains also showed a significant increase in chromosome loss and allelic recombinants in our assay. The rad9 slx5 double mutant displayed a synergistic increase in chromosome loss compared to either single; rad9 slx5, 2350 x 10^5; rad9, 273 x 10^5; slx5, 313 x 10^5, Table 3 ).
Next, we examined the Cullin Rtt101 protein that is involved in replication through natural and MMS-induced pause sites, and has been shown to increase the frequency of single-copy GCRs (to our knowledge it has not yet been tested in the duplicationmediated GCR assay; LUKE et al. 2006) . Rtt101 is a multi-subunit E3 ubiquitin ligase that, together with Mms1 and Mms22, aids in the replication of damaged DNA . At least one way Rtt101 is thought to do this is through the recruitment to stalled forks of Rtt107, a BRCT domain protein implicated in replication restart following DNA damage (CHIN et al. 2006; ROUSE 2004) . Rtt101 and Rtt107 likely act independently as well, because rtt101 rtt107 double mutants have a higher degree of MMS sensitivity than either single (ROBERTS et al. 2008; ZAIDI et al. 2008 ). Interestingly we see a very high frequency of mixed colony formation in both rtt101 and rtt107 single mutants, as well as in rad9 rtt101 and rad9 rtt107 doubles (Table 3 ). rtt107 single mutants had approximately three times more mixed colonies and five times more chromosome loss than rtt101 single mutants. Taken together these data imply that both Rtt101 and Rtt107 act to prevent nearby inverted repeat fusion and chromosome instability, and that Rtt107 has a greater role than does Rtt101.
Finally we analyzed yen1 mutants. Yen1 acts as a Holliday junction resolvase, though there are several other proteins that also have resolvase activity (IP et al. 2008; SVENDSEN and HARPER 2010) . To our knowledge yen1 mutants have not been analyzed by either the single-copy or duplication-mediated GCR assays, however we feel this is an important mutant as one version of inverted repeat fusion occurs by a potential Yen1-dependent resolution of a regressed fork (chicken foot; PAEK et al. 2009 ). yen1 mutants have a very modest to negligible phenotype in our instability assay, arguing against a role for regressed forks (Table 3) .
DISCUSSION
Post-Replication Repair: The Post-replication repair pathway is thought to be one of the predominant mechanisms that cells utilize in order to bypass lesions on the template strand during DNA replication (LEE and MYUNG 2008; ZHANG and LAWRENCE 2005) .
Using mutants that are deficient for translesion synthesis (rad30 and rev7), we have
shown that this sub-pathway of PRR does not prevent the fusion of inverted repeats, nor do the error-prone polymerases appear to have a role in rearrangements (Table 1 ).
In contrast, mutants in the error-free bypass branch (rad5 and to a lesser extent ubc13)
all increased the frequency of mixed colonies. Indeed, rad5 mutants had a phenotype strikingly similar to that of pol30-K164R mutants that are deficient for both branches of PRR (Table 1) . Thus it is likely that the chromosome instability phenotypes that we see in these mutants are solely due to a defect in the error-free bypass branch of postreplication repair. We propose that PRR prevents fusion of inverted repeats by promoting a template switch of the stalled nascent strand to the correct sequence on its sister chromatid, forming a hemicatenane as proposed by others (Figure 4 , IIA-IIB, BRANZEI et al. 2008) . PRR may thus prevent a "faulty" template switch event to the nonallelic inverted repeat (Figure 4 ).
Individual mutants in the error-free branch of PRR had different levels of inverted repeat fusion, implying that the wild type proteins play slightly different roles (Table 1) .
That is, rad5 mutants had a much higher level of mixed colony formation than ubc13 mutants, though both mutants increased mixed colony formation to some degree. A similar trend was seen when these mutants were analyzed for single-copy GCR formation, and also for MMS sensitivity (MOTEGI et al. 2006; PUTNAM et al. 2010; XIAO et al. 2000) . Since pol30-K164R mutants are epistatic to rad5 and ubc13 for mixed colony formation, this implies that mixed colonies in these mutants are due to aberrant PRR, and not some other (PRR-independent) pathway that these genes might be involved in (Table 1 , Figure 2 ). How can we explain the observation that instability is higher in rad5 mutants than in ubc13 mutants? Both Rad5 and Ubc13 have been shown to be required for poly-ubiquitylating PCNA, however the poly-ubiquitylation assays were not quantitative; it may be that Rad5 is required for full poly-ubiquitylation, while Ubc13 plays a lesser role (HOEGE et al. 2002) . Thus it could be that in ubc13 mutants PCNA is poly-ubiquitylated to some extent, allowing greater amount of PRR function than present in rad5 or rad18 mutants (Hoege et al 2002) .
Another interesting facet in PRR regulation is the SUMOylation of PCNA at lysine 127 and lysine 164 by the Siz1 sumo-ligase (HOEGE et al. 2002; PAPOULI et al. 2005; PFANDER et al. 2005; STELTER and ULRICH 2003) . PCNA SUMOylation recruits the Srs2 helicase that removes Rad51 from DNA, and thus may provide access to proteins in the PRR pathway (PAPOULI et al. 2005; PFANDER et al. 2005) . We found that mutants which are deficient for Srs2 recruitment to replication forks (siz1, pol30-K164R) had a high level of instability whereas srs2 mutants had a low level of instability (Table 1; PAEK et al. 2009 ). How can we explain that srs2 and siz1 mutants have opposite phenotypes, if
Siz1-dependent PCNA SUMOylation is required for Srs2 recruitment to a fork? We suggest that when Srs2 is recruited to stalled replication forks via Siz1-dependent PCNA SUMOylation, Srs2 prevents improper recombination events between sisters (by blocking Rad51 assembly). We suggest, however, that Srs2 may also prevent recombination between sisters in G2 (also by blocking Rad51 assembly), independent of the replication fork. And, Siz1 may promote PRR independent of Srs2 function (by a mechanism that is not yet known). Therefore, in a siz1 mutant PRR fails to some extent, and some inverted repeat fusion ensues in G2 (Figure 4) . In srs2 mutants, replication forks may fail, yet when cells reach G2 the lesions are repaired by Rad51-dependent homologous recombination, and not faulty template switching (Figure 4 ). In support of this model, it has been shown that PCNA is SUMOylated mainly in S-phase, while ubiquitylation mainly occurs in G2 (HOEGE et al. 2002) . In addition, it has been shown recently that PRR can operate efficiently in the G2/M phase of the cell cycle, and PRR's predominant role might be at single stranded gaps left after replication fork restart (DAIGAKU et al. 2010; KARRAS and JENTSCH 2010) .
Polymerase Delta and Mgs1 promote fusion events in rad9 mutants, and Rad9, Pol Delta and Mgs1 are required for the propagation of allelic recombinants and cells with dicentric chromosomes: Surprisingly we found that rad9 pol3-13 mgs1 mutants grown at the restrictive temperature showed a dramatic 20-fold decrease in the formation of mixed colonies and a 200-fold decrease in allelic recombinants (Table 2) .
We propose that the decrease in mixed colony formation in rad9 pol3-13 mgs1 cells is due to a defect both in the formation of dicentric chromosomes (dicentrics down 5-fold relative to rad9 single mutants), and in an inability to properly resolve dicentrics by allelic recombination once dicentrics are formed (Figure 3-4) .
Both mgs1 and pol3-13 mutants decreased the frequency of dicentric chromosome formation in a rad9 mutant background, yet these mutations caused an increase in a wild-type background (Table 2) . We suggest that as single mutants (pol3-13 36°C, mgs1), defects in replication lead to an increased number of defective forks, which then lead to dicentrics through the use of the other intact gene products. In double mutants (rad9 pol3-13 36°C, rad9 mgs1) , the increase in fork defects (caused by a rad9 mutation) is offset by defects in inverted repeat fusion (by Mgs1 and Pol3 defects) needed to complete events. Finally, in the triple mutant (rad9 pol3-13 mgs1 36°C), most lesions are not converted into dicentrics, as we see a 5-fold decrease in dicentric chromosomes.
There seems to be a synergistic interaction between all three genes, an interaction that occurs to a lesser extent in any double mutant (Table 2) . Therefore a plausible molecular explanation requires three interactions, and all three may have some role in replication fork behavior. Mgs1 is a DNA dependent ATPase with single strand annealing activities, interacts with pol delta (BRANZEI et al. 2002; HISHIDA et al. 2001) , and has been proposed to promote replication restart (VIJEH MOTLAGH et al. 2006 ). Thus we propose that Mgs1 is partly responsible for annealing of the nascent strand to the non-allelic template strand (in inverted repeat fusion, Figure Mgs1 could act at these polymerization steps as well, as it has been shown that Mgs1 binds to Pol delta, and is required to stabilize temperature sensitive Pol delta strains (Figure 4, IIIB; BRANZEI et al. 2002; VIJEH MOTLAGH et al. 2006 ). Rad9's role is either in a cell cycle delay (Figure 3 Step 5a) or in promoting fork stability (via Chk1; SEGURADO and DIFFLEY 2008) . Thus proper annealing and synthesis, be it to non-allelic or allelic sites, requires the combined action of Mgs1, Pol3 and Rad9.
Although speculative, this model does have additional support. First, it has been suggested that Mgs1 stabilizes replication forks in strains with pol delta defects (VIJEH MOTLAGH et al. 2006) . Second, genetic data supports the idea that pol delta is the major polymerase during mitotic recombination (GIOT et al. 1997; MALOISEL et al. 2008) . Third, temperature shift experiments showed that when the triple mutant is grown in rich medium at the restrictive temperature, then plated to selection medium at the permissive temperature, mixed colony and allelic recombinants occur. We suggest that resolution of dicentrics requires events similar to those required for allelic recombination. A surprising prediction of this model is that most allelic recombinants in the triple mutant are not resolved before cells are subjected to selection, but are rather are resolved on selective medium (Table 2) . We feel that wild type cells probably do resolve recombination events before selection, and provide a model in the supplement that explains this phenomenon in rad9 pol3-13 mgs1 cells (Supplementary Figure 1) .
Finally we note that genes which have defects at other stages of recombination do not show a decrease in mixed colony formation; mutants with defects in the resection (mre11), pairing (rad51, rad52) and Holliday junction resolution (sgs1, mus81, yen1) stages of homologous recombination do not show decreases in mixed colony formation (KROGH and SYMINGTON 2004; PAEK et al. 2009 ; unpublished data; this study). Thus we infer a specific defect in resolution of allelic recombinants in rad9 pol3-13 mgs1 triple mutants that these other single mutants are proficient in.
Relationship of single copy and repeat copy rearrangements to inverted repeat fusion: Finally, in order to compare inverted repeat fusion and dicentric chromosome formation to rearrangements seen in other GCR assays, we analyzed genes with roles in single copy or repeat mediated rearrangements (Table 3) . We saw little correlation between the increase in dicentric chromosome formation and either single copy or duplication-mediated GCRs. For example, rad27 mutants have a 1000-fold increase in single copy GCR formation, and a 140-fold increase in duplication-mediated GCRs (CHEN and KOLODNER 1999; PUTNAM et al. 2009 ). In contrast, slx5 mutants have only a modest (~10-fold) increase in inverted repeat fusion events (Table 3) . Analysis of PRR mutants also distinguish both single copy GCRs and duplication-mediated GCRs from inverted repeat fusion events (MOTEGI et al. 2006; PUTNAM et al. 2010) This implies that inverted repeat fusions, single copy and repeat sequence rearrangements are likely formed by separate mechanisms. Indeed, duplication mediated GCRs occur between separate chromosomes, between sequences with 4.2 kb of homology, and appear to be Rad52 dependent (PUTNAM et al. 2009 ). In contrast, the GCRs in this study arise from inverted repeat fusion, occur on the same chromosome (likely by sister chromatid fusion), between 300 bp repeats, and occur independent of Rad52 (ADMIRE et al. 2006; PAEK et al. 2009 Ubc9, Siz1 Srs2
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